This study investigates the impact of a multi-layered porosity profile on the electrical and thermal performance of a lithium-ion battery. Consideration is given to key attributes of the battery, namely its specific power and energy and the temperature distribution that may generated throughout the cell under electrical load. The COMSOl Multiphysics software tool has been employed to develop a 3D electrochemical-thermal model of a commercially available 10 Ah lithium iron phosphate cell. Through an extensive simulation study, for a fixed value of active material, the impact of varying the porosity profile across both the thickness and height of the electrode has been studied. For each case study, the distribution of reaction current and the corresponding localised state of charge and temperature profile are quantified for a constant current discharge of 5C. Simulation results highlight that a multi-layered porosity distribution across the thickness of the electrode has the potential to yield superior battery performance compared to when the porosity is varied along the electrode height. Moreover, the total heat generation within the cathode may be reduced by up to 14% compared to a Reference Case, along with 0.33% and 0.44% improvement in the specific energy and power, respectively.
Introduction
A number of recent studies have highlighted that lithium ion batteries have become the dominant battery technology for many automotive and transport applications. One of the primary reasons for their adoption is their relatively high energy density and high power density (both gravimetric and volumetric) compared to alternative battery technologies. However, it is well understood that there is an inherent trade-off that must be optimised, when designing a new cell to achieve the energy and power targets expressed by a number of vehicle manufacturers and national research bodies. Recent studies, through both numerical simulation and experimental evaluation, have attempted to quantify the trade-off for different cell chemistries and manufacturing processes. The underpinning trend in the results presented is that increasing the power density is only possible at the cost of reduced energy density [1] . Power density can be improved either by replacing a portion of the active material with conductive fillers and through using large pores for ion transport or through the use of thinner electrodes. Both approaches to cell design and manufacture result in lower values of active material within the cell that consequently lead to a reduction in energy density [1, 2] . A consensus does not yet exist as to the optimal design of battery cell, in terms of both chemistry and formfactor. There is significant research characterizing the different chemistries, including: lithium cobalt oxide (LiCoO 2 ), lithium iron phosphate oxide (LiFePO4), lithium nickel cobalt manganese (NCM-LiNi x Co y Mn x O Z ) and lithium titanate oxide (LTO-LI 4 Ti 5 O 12 ). The battery performance that can be achieved is guided by the choice of material, the design of the battery, its internal resistance, the electrode properties and the voltage limit for the side reactions [2] . Narrowing the gap between the theoretical and actual useable capacity is a key requirement for improving battery performance [3] . Several research studies have been published that employ novel optimisation approaches to improve the design of high performance batteries [4] [5] [6] . Miranda et al. [4] performed geometry optimisation of a lithium ion battery using the finite element method of simulation. Their research took into account different geometries, including conventional and unconventional shapes such as horseshoe, spiral, ring, antenna and gear batteries. Mitchell and Ortiz [5] applied computational topology optimisation methods in an attempt to improve the performance of lithium ion batteries that employ a silicon anode. They addressed the structural and conduction design criteria to concurrently minimise the volume expansion of the anode and to maximise its electronic conductivity. A similar study is reported by Ji et al. [6] in which key material properties within the cell are optimised to improve the low temperature performance of the cell, namely increasing the energy capacity of the cell under a 1C discharge at a temperature of −20 °C.
Irrespective of the exact choice of battery chemistry, there are important design parameters which can be varied within the manufacturing process to improve cell performance. These include electrode thickness, particle size, porosity, electrode surface area, geometry and the dimensions of the current collectors [7] . Newman and co-workers [8] [9] [10] applied new mathematical approaches to optimise the design variables of a lithium ion battery. They developed a simplified battery model to facilitate the mathematical formulation of the problem and to allow the optimisation of the porosity and electrode thickness [8] . Discharge time and cell capacity were found to be the most significant factors affecting their final design. Further, they also investigated the influence of different particle size distributions on the operation of porous electrodes [9] . Their research continued as they developed a full cell model to evaluate the ohmic related energy loss of the solid electrolyte interface (SEI) layer. Their model was used to optimise the design of a graphite-iron phosphate cell [10] . In addition, the authors continued to develop a comparable model to optimise and evaluate the performances of both graphite and titanate negative electrodes [11] .
Other researchers have employed higher fidelity models and carried out parametric studies to quantify the impact of specific design variables on cell heat generation [12] and the electrical performance of a lithium ion battery [13] . Wu et al. [12] developed a coupled electrochemical-thermal model to evaluate the impact of particle size and electrode thickness on battery performance and heat generation rate. Du et al. [13] introduced a new surrogate modelling framework to map the effect of design parameters, such as cathode particle size, diffusion coefficient and electronic conductivity on battery performance in terms of specific energy and power. They quantified the relative impact of various parameters through a global sensitivity analysis using a cell-level model in conjunction with methods such as kriging, polynomial response, and radial-basis neural network. In addition to these numerical works, Singh et al. [14] investigated experimentally the amount of energy that may be extracted from a cell manufactured using thick electrodes (320 μm) compared to cells that employ a thinner electrode (70 μm) for a Gr/NMC chemistry. They observed a significant capacity loss when using the thicker cells at C-rates of C/2 due to poor kinetics. The authors suggest that the proposed thick electrodes could be advantageous for certain applications where a continuous low C-rate is required.
Transport properties, ionic and electronic conductivity have all been shown to have a significant impact on lithium ion battery performance. Corroborating the study by Singh et al. [14] , results presented by Doyle and Newman [15] highlight that thicker less porous electrodes are a better choice for applications that require a long discharge time, whereas thinner electrodes with higher porosity are more suited for high power short discharge applications. The battery power density is related to both ionic and electronic transport rates. Ion transport occurs in both the separator and electrodes and transport resistance can be reduced by either optimising the separator or by reducing the ionic resistance within the electrode [3, 16] . It is noteworthy that there is a trade-off between ionic and electronic conductivity and neither electronic nor ionic conductivity in isolation can achieve optimal specific energy or power. The design trade-offs that exist between ionic and electronic conductivity have been quantified in a study by Chen et al. [3] .
Increasing the power density of a cell while maintaining the energy density is a common challenge when developing lithium ion batteries. This is particularly an issue when having high energy cells with thick electrodes, as the power reduces due to longer transport length of the ions and electrons. Understanding the 3D distribution of potential, current, reaction rate, temperature, heat generation, state of charge (SOC) and other properties is a pre-requisite in optimising the design and manufacturability of lithium ion batteries for larger scale applications. Much of the research presented within the literature is underpinned by the formulation of new electrochemical-thermal models. Examples of such models can be seen in the literature for high power applications [17] , larger cell capacities (e.g. 45 Ah), cell designs with different tab locations [18, 19] , the modelling of complete battery packs [20] , and to study the heat generation from the cell [21] and its relationship to the overall pack level thermal performance [22] .
Most electrochemical-thermal models within the literature assume a spatially uniform porosity within the electrode or separator. However, it is known that porosity has an impact on material properties such as, conductivity, heat capacity and density. It is argued therefore that an optimised spatial variation of porosity within the electrode could enable a more uniform temperature distribution within the cell [7] . The spatial variations in porosity have not been extensively covered within the literature for battery applications [23] [24] [25] . Relevant studies include Chiang et al. [23] , who have developed a bipolar device with a graded porosity structure. The authors claim that such structures can improve transport properties by removing tortuosity and reducing diffusion distance. Ramadesigan et al. [24] employ a 1D analytical model to optimise the spatial porosity profile across the electrode, for a porous positive electrode made of lithium cobalt oxide. They found that for a fixed amount of active material, optimal grading of the porosity could decrease the ohmic resistance by circa: 15-33%.
Golmon et al. [25] optimised the design properties, porosity and radii distributions with respect to the stress level in the cathode particles. They performed their simulations for a LiMn 2 O 4 cathode through the use of half-cell models in addition to a carbon anode fuel cell model. They found that porosity variability had a higher impact on energy capacity than particle radii. Moreover, the improvement in capacity that came from a graded porosity design was in the order of 22% higher than that of a non-graded cell. In addition to the battery domain, the benefits of varying the porosity of the electrode are being actively studied for fuel cell applications as well. For example, recent results highlight that a non-uniformly dispersed porosity of gas diffusion layers (GDL) can lead to a better water management within Polymer Exchange Membrane (PEM) fuel cells [26] [27] [28] .
This study aims to extend the research, discussed above, by investigating the impact of multi-layered porosity distribution on the electrical and thermal performance of batteries of different cathode chemistries such as LFP or NMC which has not been reported before. To facilitate this study, for the first time a coupled 3D full cell model containing both electrodes is developed. The model enables the authors to investigate the spatial variation along the battery height which is presented here for the first time. To further increase the accuracy of the model the electrochemical model is coupled with a thermal model by considering the porosity dependency of the thermal parameters which has not been considered in the previous works.
The paper is structured as follows: Section 2 discusses in greater depth the formulation of the problem statement and the different use cases that form the basis of the optimisation study. Section 3 defines the creation of a reference model that is validated against both electrical and thermal data presented within the literature. Sections 4 -6 present simulation results for the different electrode porosity profiles. Section 7 discusses a new case study containing a high energy cell. Further work and conclusions are discussed in Sections 8 and 9 , respectively.
Problem statement
Electrode porosity is defined as the volume of pores, which are filled with electrolyte, relative to the volume of the bulk electrode or solid phase:
where ( ε e ) and ( ε s ) are the porosity (volume fraction of electrolyte) and volume fraction of the solid phase, respectively.
The term ( V ) defines the total volume of the electrode, ( V e ) and ( V s ) are the volume of the electrolyte and the volume of the active material, respectively, and can be further defined as follows:
Porosity is affected by microstructural parameters that include particle size, particle packing, particle shape and the distribution of particle sizes. A common assumption employed is to simplify the solid electrode material to a collection of spheres with identical particle sizes [22, 29, 30] . Under this assumption the volume and weight of the active material (solid phase) is equal to:
where ( n p ) denotes the number of particles and ( r p ) the radius of particles within the solid phase. The terms ( m s ) and ( ρ s )
denote the weight and density of the active material, respectively. In this study, two scenarios for the spatial variation of porosity are investigated with respect to a fixed total weight of active material. From Eqs. (4) and ( 6 ), it can be seen that the weight of the electrode can be modified by changing either the relative porosity or total volume of the electrode. The two scenarios that form the basis of this study are defined below:
1. Varying the porosity across the electrode thickness for a fixed average porosity. 2. Varying the porosity in the electrode height for a fixed average porosity.
Understating the effect of a porous structure on cell thermal properties
To avoid the complication and computational requirements of pore scale modelling of the porous structure, macro homogeneous models are used to obtain effective transport properties. Similar modelling assumptions have been adopted in comparable studies [31] [32] [33] [34] . Bruggeman's relationship has commonly been used to correlate and model effective transport Table 1 Thermal properties of the 10 Ah LFP lithium ion battery [38, 39] .
Electronic conductivity,
Ionic conductivity ( 12 ) kinetics as well as effective conductivities within batteries [35] . The Bruggeman relationship relates tortuosity with porosity as [36] :
where brugg n is the Bruggeman coefficient. For a system composed of continuous conductive phase such as liquid electrolyte, mixed with spherical particles of uniform size, the parameter has been shown empirically to have the value of 1.5 and represents a common assumption employed in studies that undertake battery simulation, for example [37] . However, for non-spherical particles, the exponent has been found by experiments to have a higher value than 1.5 [35] . Therefore brugg n = 1.5 was deemed to be a reasonable assumption within this study.
The terms ( κ) and ( κ eff ) are the intrinsic and the effective ionic conductivity of the electrolyte, respectively, and can be defined as:
Similarly, the relationship between the intrinsic diffusivity ( D e ) and the effective diffusivity ( D e eff ) of the electrolyte within a porous structure is expressed as:
From Eqs. (8) and ( 9 ) it can be seen that an increase in electrode porosity will improve the conductivity and the diffusion of lithium ions within the electrolyte. The relationship between the intrinsic electronic conductivity ( σ ) and the effective electronic conductivity ( σ eff ) of the solid phase is given by [35] 
As the level of porosity increases the electronic conductivity of the solid phase decreases as less active material is available for charge transport within the solid phase. To calculate the thermal properties of the electrode, the porous structure can be simplified to a structure with a mixture containing two phases. The thermal properties of the porous structure (electrode or separator) is therefore defined as: (11) where ( φ) is the thermal conductivity ( K ), heat capacity ( C p ) and density ( ρ). The subscripts 's' denote the solid phase (electrodes and the separator), and 'e' represents the electrolyte. The thermal properties of the lithium ion battery with LiFePO 4 cathode chemistry that has been used within this study are summarised in Table 1 . Ionic conductivity of the electrolyte ( κ) is defined as:
where ( C e ) is the lithium concentration in the electrolyte and ( T ) identifies the operating temperature of the battery.
Use cases for electrode optimisation
The following use cases are presented to study the impact of varying the porosity of the cathode on cell performance. The scenarios are: (1) a multi-layered structure of the porosity across the electrode thickness and (2) a multi-layered structure of the porosity across the electrode height, as presented in Fig. 1 (a) and (b). As discussed above, variations of ( ε s ) will impact a number of material properties, such as the ionic conductivity ( κ), electronic conductivity ( σ ), lithium diffusion coefficient in the electrolyte ( D e ), thermal conductivity ( K ), heat capacity ( C p ) and finally the density ( ρ). For each use case, the specific energy (W h/kg), the specific power (W/kg) and temperature profile along the surface of the cell are quantified.
Use case 1: a layered structure of porosity across the electrode thickness
Within this case study, the thickness of the electrode was divided into discrete layers with N zones, each with a constant value of ε s (see Fig. 1 a) . The average porosity of the electrode can be defined as follows: where ( L pos ) defines the thickness of the positive electrode and t i is the thickness of each of the N layers. According to Chiang et al. [23] , the volume fraction of the active material can typically average between 30 and 90%, while the preferred value is between 50 and 80%. Given this parameter range, within the current study, ε s,pos was varied between 0.3 and 0.73. Ramadesigan et al. [24] have optimised the performance of the battery by applying a spatially varying porosity. They proposed that the choice of N = 5 layers across the electrode thickness provides a good trade-off between the performance improvement within the cell and manufacturing complexity of realising the final design. They reported the optimised porosity values for lithium cobalt oxide comprising of 6 discrete layers. In this study, 6 discrete zones with similar thickness, different porosities have been applied for all test cases. The optimised porosity profile suggested by Ramadesigan et al. [24] was a non-linear multi-layered profile. However, there is insufficient information within the literature to properly understand if this form of distribution is optimum and transferable to other cell chemistries with different capacity ratings. In this case study, porosity variation across the electrode thickness from one layer to another was varied both linearly and non-linearly.
Use case 2: layered structure of porosity along the electrode height
For this design case the height of the electrode is divided to N layers with different porosities, as shown in Fig. 1 b.
The average volume fraction of active material in the electrode can be expressed as:
where ( n ) is the number of layers and ( t i ) indicates the thickness of each layer. The number of layers employed within the simulation, was set to 4. Similarly, the porosity variation across the electrode thickness from one layer to another was varied both linearly and non-linearly.
Validation of the coupled thermal-electrochemical model
A full 3D electrochemical-thermal model is developed for a single electrode-pair of a lithium ion battery with LFP cathode. Each pair is assumed to be a sandwiched model of different layers: a negative current collector, a negative electrode, a separator, a positive electrode and a positive current collector. The current model is extension of the previously developed and validated 1D model discussed in [40] , which is based on a similar, experimentally validated model presented within Li et al. [38] . The input to the model is load current, geometrical design parameters, material properties and ambient operating temperature. Through the proposed case studies, discussed in Section 2 , only one of the design variables was modified:
the volume fraction of the active material, denoted as ( ε s,pos ). As explored in the previous section, changing ( ε s ) will in turn change other properties such as ionic conductivity ( κ), electronic conductivity ( σ ), lithium diffusion coefficient in the electrolyte ( D e ), thermal conductivity ( K ), heat capacity ( C p ) and finally the density ( ρ). The outputs from the model are the responses of the cell to the load, i.e. terminal voltage (V), generated heat (Q), temperature profile ( °C) and SOC. Additional internal variables include: lithium concentration in the electrodes and the separator, potential distribution of different phases, reaction current, electronic and ionic current. The primary motivation for using Li et al.'s model [38] for verification is because the authors have presented a complete set of electrochemical parameters for the cell along with a definition of parameter variations with temperature. Since the electrochemical model contains temperature dependent variables, coupling it with a thermal model yields more accurate results. Furthermore, the model presented in [38] has been validated using experimental data. The parameterisation data and experimental results presented within [38] allow for the creation of a Reference Model to ensure the accuracy and robustness of the model, before proceeding with the two use case studies defined within Section 2.2 . The developed model is based on P2D electrochemical-thermal equations which are solved in COMSOL Multiphysics for a 3D cell geometry. A segregated time dependent solver has been used for all the simulations. A cut off voltage of 2.5 V has been used to terminate the cell discharge. The output from the model shows a high degree correlation with the results published within [38] in terms of the terminal voltage response when the cell is discharged, the surface temperature gradient and other internal parameters (e.g. local SOC, lithium concentration, potential and internal current). Further validation details are discussed below.
Discharge curve
The terminal voltage discharge curve for the 10 Ah LFP pouch cell under 1C to 5C discharge current rate at ambient temperature ( T = 25 °C) is presented in Fig. 2 and shows a good agreement between the simulation results and the experimental data. The simulation results are generated by the 3D COMSOL model used in this study and the experimental data are those reported by Li et al. [38] .
Reference Case-model design parameters
The initial design parameters of the Reference Case are those reported by Li et al. [38] , presented in Table 2 . The following parameters have been employed to fully define the reference model.
Extending the validated model-the Reference Case study
The validated model is used as a Reference Case to evaluate the specific energy, specific power, total heat generation and the resulting temperature profile. The model is further applied for use cases with multi-layered porosity profile, to account for any changes in the energy or power that may arise from such a porosity distribution.
Specific energy ( E cell ) and specific power ( P cell ) are defined as [41] :
where m cell is the total weight of the cell and t dis is the final time when the cell reaches the cut off voltage of 2.5. 
Reaction rate in the negative electrode, k neg (m s (23) Fig. 3 . The evolution of: (a) the reaction current, (b) the local SOC at the positive electrode during 5C discharge, Reference Case. x = 0 is the separator/electrode interface, while x / L = 1 represents the electrode/current collector interface.
Reaction current and SOC
The reaction current and the local SOC of the 10 Ah LFP lithium ion battery are shown in Fig. 3 (a) and (b) , respectively. The current distribution is through the positive electrode thickness during a complete 5C discharge. L is electrode thickness, where x = 0 represents the separator/electrode interface while x / L = 1 is the electrode/current collector interface. At the early stages of the discharge process, the peak value of the reaction current occurs at the separator/positive electrode interface and moves towards the electrode/current collector interface as the discharge proceeds. This happens when the effective conductivity of the solid phase ( σ eff ) is higher than that of the liquid phase ( κ eff ), i.e. ( σ eff > κ eff ). In general, the peak location depends upon the magnitude of σ eff compared to κ eff [39, 42] . In addition, the ionic current density is always maximum at the separator/electrode interface whereas the maximum value for electronic current is seen at the electrode/current collector interface.
The local SOC is defined as the ratio of lithium ion concentration at the surface of the active material to the maximum lithium concentration of the bulk electrode. Hence, by definition the SOC profile follows the same trend as the lithium concentration presented in Fig. 3 b. Within the positive electrode, the particles near to the separator firstly approach the fully charged state. This can be attributed to the reaction current which itself is a function of conductivity of the different Fig. 4 . Heat evolution at the positive electrode during 5C discharge at t = 10 s, t = 100 s, t = 300 s, t = 500 s and t = 670 s, Reference Case. x = 0 is the separator/electrode interface, while x / L = 1 represents the electrode/current collector interface.
phases. This is shown in Fig. 3 (a) and (b) and is consistent with theoretical predictions [39] . The observed dip in the SOC profile versus x / L is due to the non-homogenous distribution of the reaction current.
Heat generation
The amount of activation heat is proportional to the reaction current density and the surface over-potential. Generally, the average value for activation heat is known not to change much within the positive electrode during the electrochemical reaction. In this example, it ranges from 0.239 W/m 3 at t = 10 s to 0.253 W/m 3 at the end of discharge event ( t = 670 s) when the cut-off voltage of 2.5 V is reached. The peak for the reaction heat appears at the electrode/separator interface during the early period of the discharge, until t = 300 s, and then moves towards the electrode/current collector interface as it proceeds to the end of the discharge, see Fig. 4 . As shown in Fig. 3 a, a change in the location of the maximum reaction heat is due to a shift in the location of the reaction current as well as a change in the location of the electrochemical over-potential [43] .
The ohmic heat ( Q ohm ), which is a combination of ionic ( Q ohm,i ) and electronic heat ( Q ohm,e ), is caused by the resistance against the flow of electrons in the solid phase as well as lithium ions in the electrolyte phase. The ionic heat is calculated using the formula:
e f f (26) where κ eff is the effective ionic conductivity, ϕ e is the electrolyte potential and i e represents the ionic current.
The average value for the ionic heat is around 0.284 ×10 5 W / m 3 at the beginning of the discharge, and reduces slightly to 0.225 ×10 5 W / m 3 at t = 90 s and increases again monotonically until the end of the discharge event to 0.509 × 10 5 W/m 3 at t = 670 s. The spatial profile of the ionic heat is related to the potential gradient of the electrolyte and as a consequence, to the local current density within the electrolyte. It can be seen from Fig. 4 that the location for the maximum ionic heat is at the separator/positive electrode interface during the entire discharge process. That is in agreement with the ionic current profile through the electrode thickness.
The electronic ohmic heat is calculated as: (27) where i s is the electronic current density. Unlike the ionic heat, the electronic heat increases slightly during the early period of the discharge, until t = 110 s, then decreases monotonically until the end of discharge, with the minimum value of 0.080 ×10 5 W/m 3 at t = 675 s. Generally, as reported within [43] , the electronic heat is much less than the ionic heat due to the much larger ionic charge resistance in caomparison to the electronic resistance. However, because of the low electronic conductivity of the LFP material, in this example, the electronic heat is relatively high for this specific cell. Hence around 13-35% of the total ohmic heat generation within the cathode is attributed to electronic heat with the remainder coming from ionic heat. The peak for the electronic heat appears at the positive electrode/current collector interface where the electronic current is at a maximum. The reversible heat of the electrodes is due to entropy change and is equal to:
where dU dT is potential deviation of electrodes as a result of entropy changes, as displayed in Table 2 . The contribution of the irreversible electrochemical reaction heat, ohmic heat (electronic and ionic) and reversible heat to the total heat generation of the positive electrode is about 23-55%, 50-78% and 19-29%, respectively. As shown in Fig. 4 , initially the location of the maximum heat is at the separator/cathode interface from the beginning of the discharge process until t = 300 s. As the discharge event progresses, the peak shifts towards the positive current collector interface, as previously described. For this particular cell, operating at a 5C discharge, the area near to the separator generates most of the heat while the part of the electrode closer to the current collector does not.
Within the next section, the different use cases, defined in Section 2.1 , are further studied to understand the causality between variations in ε s within the electrode and how this affects the charge resistance and spatial profile of the heat generation as well as the internal electrochemical parameters for the cell.
Simulation results-layered structure of porosity across the electrode thickness
As discussed within [39] , Ohmic resistance is a major source of voltage drop, especially within thicker electrodes. Improved ion transport kinetics within a composite structure such as an electrode can be achieved by adjusting the ionic conductivity relative to the current distribution. As the ionic current, can be higher near the electrode and separator interface, a higher ionic conductivity in this region can improve the transport rate. This means that having a higher porosity near to the separator can help improve power density, while a higher fraction of active material in the depth of the electrode (towards the current collector) helps to retain a higher energy capability [23] .
The following case study indicates the variation of the electrode volume fraction versus the dimensionless distance across the electrode ( Table 3 ) . A distance of x = 0 indicates the separator/positive electrode interface, while x / L = 1 represents the positive electrode/current collector interface.
The simulation results of the different cases are presented in Table 4 .
In case studies 1-5, the minimum ε s is at the electrode/separator interface, while the maximum ε s is close to the current collector. In case studies 6-10, the distribution of ε s is in the reverse direction, as shown in Table 3 . The results of the first group (cases 1-5) do not highlight significant improvement in battery performance, in terms of either specific energy or power density. For the best case scenario (case 3), the energy and power increased by 0.33% and 0.44%, respectively. Moreover, the maximum variation of the peak temperature compared to the Reference Case is approximately 0.9 °C.
Even though no significant improvement has been observed by linear and non-linear distribution of the porosity, porosity distribution in the reverse direction (cases 6-10), can deteriorate cell performance significantly. Hence by having a high active volume fraction near the separator and low volume fraction near the current collector, it is impossible to improve performance of a battery, regardless of its chemistry or size. The results of case studies 6-10 confirm the significant loss in both energy and power along with a higher peak temperature and temperature gradient. For the worst-case scenario, e.g. case 8, the specific energy and the specific power of the battery have decreased by circa: 36% and 4.1%, respectively. Table 3 Active volume fraction distribution of different case studies across the thickness of the positive electrode. L is the thickness of the positive electrode and x = 0 is the separator/electrode interface, while x / L = 1 represents the electrode/current collector interface. Case study Table 4 The simulation results of scenario 1b, positive electrode.
Case study ) the local SOC at the positive electrode during the 5C discharge process at t = 10 s, t = 100 s, t = 300 s, t = 500 s and t = 670 s, case 3. x = 0 is the separator/electrode interface, while x / L = 1 represents the electrode/current collector interface.
In terms of the peak temperature, case 6 is the worst condition, with a 13.72 °C increase in peak temperature. Case 3 has the highest power density among the test cases. Even though the power variation of the different test cases in group 1 is almost negligible. The following sub-sections compare in greater depth the reaction current, SOC and heat generation of case 3 from group 1 with those of the Reference Case during the discharge event.
Reaction current and SOC
The spatial variation of the reaction current and SOC within the cathode for case 3 is shown in Fig. 5 (a) and (b) , respectively. At the beginning of the reaction, the reaction current is comparable with that of the Reference Case (see Fig. 3 a) . However, as it proceeds to the end of discharge the local variation within the current density increases and generates a larger charge gradient across the positive electrode. The same phenomenon is true when reviewing the SOC results. As shown in Fig. 5 b, the local variation of SOC for case 3 is much higher compared to the Reference Case ( Fig. 3 b) . This is particularly true at the end of the discharge event and causes a non-uniform utilisation of the active material which is not desirable. The reason for this is due to the increased local ionic resistance to the charge transfer within the electrode regions closer to the current collector that exhibit a relatively high volume fraction of active material. Fig. 6 a compares the heat generation of the different sources for case 3 with the heat generation modes of the Reference Case over the same time interval. The values represent the average heat evolution of the positive electrode during the discharge. The results show that for case 3, the activation heat, the ohmic heat (both ionic and electronic) decreases with the multi-layered porosity structure that in turn leads to a significant reduction of total heat generation. The ionic heat which is the major contributor to heat generation decreases by 11-24% compared to the Reference Case during the 5C discharge process. The reduction in electronic heat is approximately 28-38% over the discharge. From Fig. 6 , the activation heat appears to be unchanged during the electrochemical reaction until t = 345 s. Immediately after this time, it begins to increase while in the Reference Case it remains almost constant. The underlying reason for this is because within case 3 the activation over-potential increases after this point, even though the reaction rate is lower. Combining all the heat generation modes together, the total heat generation of the positive electrode for case 3 reduces by 4.2-14%, with a time averaged value of 10.4% compared to the Reference Case presented in Fig. 6 a. The heat evolution of the positive electrode is almost 45% of the total heat generation of the battery as shown in Fig. 6 b. considering this, a total heat reduction of 4.2% is obtained for the whole cell.
Heat generation

Simulation results-layered structure of porosity along the electrode height
This scenario elaborates a multi-layered porosity distribution along the z axis of the electrode. Six case studies were investigated. These can be divided into two groups; group 1 with low ε s at the top and high ε s at the bottom of the cell (test cases 1-3) and the second group with a reverse distribution, i.e. with high ε s at the top and low ε s at the bottom.
The profile of the porosity from minimum to a maximum value is either linear or non-linear as shown within Table 5 . The average volume fraction of the layers is 0.5, equal to the overall volume fraction of the Reference Case model defined in Section 3.2 .
In general, the test cases from group 1 show an improved battery performance from those represented within group 2, see Table 6 . However, the authors acknowledge that the differences are not significant. The only exception to this is test case 6 for which the discharge process terminated after a very short time ( t = 40 s) because the terminal voltage of the cell dropped below the threshold value of 2.5 V. It is for this reason that value of E cell is very low. From the results obtained from group 1, it seems that the ionic current at the top of the cell where the active volume fraction is maximum is very close to zero, meaning that the low porosity region is a barrier for ion transport and the electrochemical reaction cannot proceed in that region. Among the test cases of group 1, cases 1 and 3 show a significant reduction in energy capability (e.g. 23% and 20%, respectively), while maintaining the same power capability as the reference model case. However, case 2 shows a 0.8% power reduction compared to the Reference Case while maintaining the same energy. Moreover, case 2 exhibits the highest temperature within all of the designs options within group 1; equal to 51.9 °C-a 12% increase compare to the Reference Case. The high temperature can partly be attributed to its lower power, as a result of its reduced cell voltage. Case 2 from group 1 was chosen for further analysis, due to it having the highest specific energy and temperature, and is explored further in the following sub-sections. Fig. 7 (a) and (b) presents the spatial distribution of the internal parameters for case 2, similarly Fig. 7 (c) and (d) shows the spatial variation of the electrochemical parameters for the Reference Case during the 5C discharge process at a time t = 500 s. For case 2, the reaction current is minimum at the bottom of the cell where the active volume fraction is highest.
Reaction current and SOC
This result is consistent with theoretical predictions; as at higher ε s there is an increased ionic resistance that limits the rate of the electrochemical reaction. From the results obtained, the current seems almost uniform along the rest of the cell where the active volume fraction is lower than 0.6. The cathode SOC, Fig. 7 (b) , shows a large gradient for case 2, in the order of 53.8% within the electrode that in turn yields a very inconsistent reaction rate as shown in Fig. 7 (a) . In contrast to case 2, the local variation of SOC is only 1.3% for the Reference Case, accompanied by a much lower gradient for the reaction rate across the electrode surface.
Temperature
The non-homogeneous distribution of the electrochemical parameters within the positive electrode explains the increased temperature gradient (by approximately 17%) that can be seen in case 2 when compared to the Reference Case. The temperature profile of both cases is shown in Fig. 8 . It is noteworthy that with a porosity profile of this shape, not only does the peak temperature and temperature gradient vary, but also the location of the hot spot moves from the positive tab towards to the bottom of the cell. This highlights the correlation of the temperature gradient with electrode design.
Sensitivity analysis
To investigate the sensitivity of the model to the thermal parameters ( ρ, C p , K ), a sensitivity analysis was undertaken.
Model outputs such as the temperature of the cell as well as the location of the hot spot were investigated over a wide range of thermal parameters (summarised in Table 7 ) . The results show a small variation of temperature versus the thermal parameters. Moreover, the location of the hot spot was similar to those presented within Section 6.2 . 
Table 7
The results of the sensitivity study of the thermal model versus thermal properties of the positive electrode, Reference Case. 
High energy cell
Nano-sized LFP electrodes are well known for their high power capabilities and the results defined within Sections 5 and 6 highlight limited improvement for such cells through multi-layered porosity structure. To extend this research a different cell with 53 Ah capacity was investigated for comparison. The detailed study and optimisation of the cell is defined as a future work, see Section 8 . The NMC/graphite cell is made of 111 μm positive electrode along with 202 μm negative electrode. The pertinent design parameters are summarised in Table 8 . Table 9 Simulation results of a multi-layered porosity structure across the thickness of the NMC/graphite cell. 
Similar to LFP cells, a multi-layered porosity structure across the electrode thickness is applied for the NMC cell and three case studies are presented considering a multi-layered anode, a multi-layered cathode and a combination of both. The case studies and achieved energy and power are presented in Table 9 .
The results show that for this specific cell a significant improvement is obtained by a varied porosity structure across the anode. The improvement can be seen within both the energy and the power characteristics of the cell. The gained energy and power compared to the Reference Case is around 8.37% and 2.6%, respectively. The cathode varied porosity does not make an improvement for this cell. One conclusion may be that the porosity structure of the cell is not yet optimised and therefore there is the potential for a performance improvement.
Further work
Further analysis is required to fully understand the causality between the porosity distribution within the electrode and whether the power capabilities of the cell can be improved without compromising energy density. This study highlights the effect that a multi-layered porosity structure within the positive electrode may have for different internal parameters as well quantifying the general performance implications for the battery. While the numerical results presented are only applicable to the specific battery type employed, the authors assert the modelling approach and rationale are transferable to other cell types and chemistries. Further research is required to better understand the transferability of these results to larger cells that have higher energy capacity and increased physical dimensions, potentially operating at higher C-rates. In addition, extending the parameterisation of the model to take account of different electrode chemistries will further highlight if the results presented here are representative of a wider cross-section of cell types. As seen from the results, variations in electrode porosity can impact the value and location of the peak temperature during the discharge event. A further refinement would be to extend the model to include degradation mechanisms within the cell. Example improvements to the model would include representing the solid-electrolyte interface (SEI) growth and its effect on the capacity fade within the battery. Finally, it is suggested that the optimal design should be manufactured, potentially using the new techniques being developed by Grant et al. [44] , accompanied by an experimental evaluation of the optimised cell versus an equivalent commercially available cell that has been manufactured using traditional electrode formulation methods.
Conclusion
In this study, a 3D electrochemical-thermal model has been developed using COMSOL Multiphysics, in order to investigate the impact of non-homogeneous porosity distribution on cell performance. In order to facilitate a comparison a reference model has been formulated and validated using published data and experimental results presented by Li et al. [38] , for a 10 Ah LFP pouch cell.
Two different scenarios have been defined to vary the porosity across the thickness or height of the positive electrode. The scenarios are: (1) a multi-layered structure of the porosity across the electrode thickness and (2) a multi-layered structure of the porosity across the electrode height. The spatial distribution of the internal parameters such as current density, SOC, as well as overall cell performance has been investigated for each case study for different discharge currents.
From the results obtained, varying the porosity distribution increases the inhomogeneity of the electrochemical parameters. Even though no significant improvement has been observed for this specific cell type, the simulation results highlight that a multi-layered porosity distribution along the electrode thickness, with high porosity at the separator/electrode interface, seems to yield the most promising results. For example, case study 2 from scenario 1 showed a reduction in the total heat generation within cathode by approximately 4.2-14% over the discharge event.
Extending this research further, additional studies are currently ongoing in which more significant results may be obtained, for example, by re-parameterising the model to emulate a cell with a thicker electrode, where the impact of ohmic resistance is expected to be higher. In addition, it would be more promising to simulate the performance of a larger cell (both in terms of energy capacity and physical dimensions) operating under a higher C-rate conditions, where the inhomogeneity of the cell is known to be more pronounced. While the numerical results presented are only applicable to the specific battery type employed, the authors assert the modelling approach and rationale are transferable to other cell types and chemistries. An example of a high energy cell with different chemistry types has been presented in Section 7 , showing a significant potential for improvement.
